Purpose To evaluate the effect of pupil size on higher-order aberrations (HOAs) in highmyopic pseudophakic eyes with posterior staphyloma using KR-1W aberrometer. Methods Forty eyes of 40 high-myopic cataract patients with posterior staphyloma and 20 eyes of 20 age-related cataract patients with normal axial length were recruited. At 1 month after phacoemulsification and intraocular lens implantation, ocular and internal HOAs as well as the visual quality data in the two groups were evaluated with KR-1W analyzer before and after mydriasis. Results Compared with normal axial length eyes, high-myopic pseudophakic eyes with posterior staphyloma had significantly lower values of internal coma both under 4-mm and 6-mm pupil sizes (Po0.001 and 0.020), as well as internal total HOAs (Po0.001) and third-order aberrations at 6-mm pupil size (P ¼ 0.018). Statistically significant differences were also found in the variation from 4-to 6-mm pupil sizes for internal coma (P ¼ 0.001), internal third-order aberrations (P ¼ 0.009), internal total HOAs (P ¼ 0.007), and ocular coma aberrations (P ¼ 0.006) between two groups. After mydriasis, Strehl ratio increased significantly in high-myopic eyes, whereas decreased slightly in normal axial length eyes (P ¼ 0.032 when compared with the variation between the two groups). Statistically significant differences were also found for the variation of modulation transfer functions (MTFs) at frequencies of 15, 30, 45, and 60 cycles/degree between the two groups (P ¼ 0.002, 0.002, 0.004, and 0.010, respectively).
Introduction
Nowadays, cataract surgery has changed from a visual rescue treatment to a refractive procedure. The patient's demand is not only limited to the improvement in visual acuity, but also better visual quality. Therefore, wavefront aberrations have become an important parameter for evaluating visual quality, 1 among which higher-order aberrations (HOAs) are of great significance. It can represent part of the optical errors that lower order aberrations such as defocus and astigmatism cannot explain.
High myopia (HM) is a leading cause of visual impairment worldwide 2 and its prevalence continues to increase, especially in Asian populations. 3 Its definition lacks consensus, which is usually defined with the following features: long axial length (Z26 mm) or refractive error of À 6 D or above 4 and pathological fundus changes such as posterior staphyloma, lacquer cracks, and chorioretinal atrophy. 5 As the morphological characteristics of posterior staphyloma are now well understood after the application of optical coherence tomography, it is worthy to further look at the relationship between posterior staphyloma and visual quality of the highmyopic eyes. 6 However, most of the previous studies regarding visual quality of high-myopic eyes were concerned with corneal or ocular HOAs, 7, 8 and little was known about internal HOAs. In phakic eyes, internal HOAs, as part of the ocular HOAs, derive mainly from crystalline lens as well as other internal optic structure. 9 However, in pseudophakic eyes, original structure of the eyes and intraocular lens (IOLs) are the major determinants of internal HOAs, which further affect the ocular HOAs. The intraocular structures of high-myopic eyes are largely different from those in eyes with normal AL. Therefore, choosing HM patients with posterior staphyloma as subjects for internal HOAs' research and making it clear about the relationship between certain intraocular structure and the HOAs would be of great importance.
Previous researches [10] [11] [12] also showed that pupil size has an effect on HOAs. For postoperative cataract patients, this means that patients may obtain variable visual quality from day to night because of such HOAs' variations. Therefore, it is also meaningful to study the influence of pupil size on visual quality of high-myopic pseudophakic eyes with posterior staphyloma.
Up to now, there have been few studies on the internal HOAs due to lack of certain instruments. The KR-1W wavefront analyzer (Topcon, Tokyo, Japan), used in this study, combines wavefront and topography system, which can measure the ocular, corneal, and the internal HOAs simultaneously and rapidly. It achieves measurement of internal HOAs in a more accurate way, as the wavefront sensor and topographer are designed to function along same axis. This instrument employs the Hartmann-Shack method, based on which various aberrometers had achieved measurement of the aberrations in myopic eyes. 13, 14 Pupillometry is also integrated in this device, providing HOAs at both 4-mm and 6-mm pupil sizes, facilitating understanding the effect of pupil size on HOAs under different conditions.
With the KR-1W instrument, the current study aimed to investigate the effect of pupil size on HOAs in highmyopic pseudophakic eyes with posterior staphyloma and to identify whether this specific intraocular structure has potential impacts on internal HOAs.
Materials and methods

Subjects
Patients were selected from those who underwent eventful phacoemulsification and were implanted with IOLs (920H, Rayner, Hove, UK) with spherical aberration (SA) of À 0.18 mm in our hospital between November 2011 and May 2012. All the surgeries were carried out by one experienced surgeon. Sixty eyes of 60 cataract patients, aged from 45 to 80 years old, were involved in this study. Exclusion criteria were as follows: (1) ocular disorders, except for HM; (2) previous ocular surgeries other than phacoemulsification, such as corneal refractive surgery; (3) systemic diseases that might induce ocular disorders such as diabetes; and (4) intraoperative or postoperative complications, such as posterior capsule tear, persistent corneal edema, and posterior capsular opacification. This prospective study was performed according to the Declaration of Helsinki with provided written consent obtained from all the patients, after the nature of procedures has been explained clearly. All applicable institutional regulations concerning ethical use of human volunteers were followed during this research.
Preoperative measurements
Before surgery, routine ophthalmic examinations were carried out, including uncorrected visual acuity (UCVA), best-corrected visual acuity (BCVA), tonometry, B ultrasonography, and IOL power calculation using IOLMaster devices (Carl Zeiss, Oberkochen, Germany). According to the AL measured by IOLMaster, patients were divided into two groups: 20 eyes of 20 patients in normal AL group with AL o24 mm; and 40 eyes of 40 patients in HM group (all with posterior staphyloma) with AL Z26 mm. The B ultrasonography results showed that all the HM patients had posterior staphyloma. Routine fundus examinations were carried out on all the patients and no obvious retinopathy such as severe chorioretinal atrophy, choroidal neovascularization, or macular hole was observed in both groups.
Postoperative measurements
At 1 month after surgery, postoperative examinations, including UCVA, BCVA, auto-refraction (Tonoref II, Nidek, Gamagori, Japan), anterior segment tomography (Pentacam HR, Oculus, Wetzlar, Germany), and wavefront aberrometry (KR-1W, Topcon), were carried out. The pupils were then dilated using a mixture of 0.5% phenylephrine and 0.5% tropicamide (Mydrin P; Santen Pharmaceutical Co., Osaka, Japan). After mydriasis, anterior segment tomography and wavefront aberrometry were performed again. Fundus examination was also carried out and no obvious retinal changes were found for both groups.
Pentacam system automatically carried out measurement and obtained 25 consecutive slit images of anterior segment. The system has a parameter-quality specification (QS)-to ensure the quality of the measurement, if patient is of poor fixation or blinks during the 2-s period of measurement, the QS is indicated with yellow or red color, and the data should not be used. During our measurement, all the subjects cooperated well without blink or poor fixation and were all qualified that QS was larger than 95% (presented as 'OK'). Picking up the 01 and 1801 frames from the 25 slit images of each eye, tilt and decentration of IOLs were also evaluated using ImagePro Plus software (Media Cybernetics, Inc, Rockville, MD, USA) as described previously, 15 and no obvious tilt or decentration was observed (data not shown).
When performing wavefront aberrometry, patients were asked to stare at a focus and keep their eyes widely open for seconds. Measurement was performed automatically for three times and wavefront aberrations were displayed including total HOAs, trefoil, coma, spherical, third-order, and fourth-order aberrations of Zernike polynomials, calculated as root mean square values. The values of each measured order of ocular and internal aberrations were displayed simultaneously for both the central 4-mm and 6-mm pupil sizes. The aberrometer also provided the Strehl ratio obtained from point spread function (PSF) and MTF curves (for both x and y axes) as optical quality indexes of eyes, both of which were stimulated by 4-mm size ocular wavefront Zernike coefficient. All measurements were carried out by the same trained optometrist in one dark room.
Statistical analysis
Definitions of the special terms used in this study were as follows:
DHOAs ¼ post-mydriasis HOAs at 6-mm pupil size À pre-mydriasis HOAs at 4-mm pupil size;
Dcoma ¼ post-mydriasis coma at 6-mm pupil size À pre-mydriasis coma at 4-mm pupil size;
DStrehl ratio ¼ post-mydriasis Strehl ratio À pre-mydriasis Strehl ratio; and
The values of all the parameters measured by KR-1W were means of three readings. Statistical analysis was performed using Stata/SE (10.0 version; StataCorp LP, College Station, TX, USA). Comparisons between preand post-mydriasis values of each HOA were performed by paired t-test, as well as comparisons of data between 4-mm and 6-mm pupil sizes. Comparisons of HOAs, DHOAs, Dcoma aberration, DSE, and DStrehl ratio, as well as DMTF values at each spatial frequency between normal AL group and HM group were performed by the independent two-sample t-test. It is considered as statistically significant when probability (P) value o0.05.
Results
Baseline characteristics
Demographic characteristics of normal AL and HM groups are shown in Table 1 . No statistically significant differences were found for mean age, sex, ocular laterality, or DSE.
Before mydriasis, the average postoperative UCVA and BCVA for all the subjects was 0.432 ± 0.204 logMAR and 0.115±0.082 logMAR, respectively. All the subjects had BCVA better than 0.300 logMAR. As indicated in Table 1 , statistically significant differences were identified in UCVA and SE between the normal AL and HM groups before mydriasis, whereas there was no statistically significant difference in BCVA between the two groups.
Effects of mydriasis on ocular and internal HOAs
Comparisons of ocular and internal HOAs between premydriasis 4-mm pupil size and post-mydriasis 6-mm pupil size were carried out on all the eyes. As shown in Figure 1 , all the HOAs, except internal SA presented an increase in tendency (all Po0.001). No statistically significant differences were found for majority of the HOAs between pre-and post-mydriasis 4-mm sizes, except for ocular fourth-order and ocular SA (data not shown).
Comparisons between normal AL and HM groups
HOAs at specific pupil sizes Ocular and internal HOAs between normal AL and HM groups for pre-mydriasis Abbreviations: AL, axial length; BCVA, best-corrected visual acuity; HM, high myopia; SE, spherical equivalent; UCVA, uncorrected visual acuity. DSE ¼ post-mydriasis SE À pre-mydriasis SE; difference in age, DSE, and the postoperative UCVA, BCVA, and SE before mydriasis between normal AL and HM groups were compared using independent twosample t-test, and differences in sex and laterality were compared using w 2 -test.
Higher
4-mm and post-mydriasis 6-mm pupil sizes were compared, respectively ( Figure 2 ). For all the ocular HOAs and majority of the internal HOAs, there were no statistically significant differences between the two groups. However, compared with normal AL group, significantly lower values of internal coma aberrations were found for the HM group both at 4-mm (Po0.001) and 6-mm pupil sizes (P ¼ 0.020). Differences in internal total HOAs and internal third-order aberrations at 6-mm pupil size between groups were also found statistically significant (Po0.001 and 0.018, respectively).
DHOAs as a function of mydriasis To evaluate the function of mydriasis, comparisons for the Docular and Dinternal HOAs between the two groups were also carried out. As indicated in Figure 3 , statistically significant differences were found for Docular coma (P ¼ 0.006), Dinternal total HOAs (P ¼ 0.007), Dinternal third-order aberrations (P ¼ 0.009), and Dinternal coma (P ¼ 0.001) between the two groups. The internal coma, third-order aberrations, and total HOAs increased more in normal AL group than HM group when pupil size enlarged from 4 mm to 6 mm. However, the internal SA decreased after mydriasis (indicated as negative Dvalue), while no statistically significant differences were found between groups.
Visual quality evaluation Before mydriasis, the Strehl ratios for normal AL and HM groups were 0.170 ± 0.028 and 0.158 ± 0.043; after mydriasis, the values were 0.150±0.024 and 0.252±0.056, respectively. As displayed in Figure 4 , comparison of DStrehl ratio between normal AL and HM groups was carried out, and the value for HM group was found significantly higher than that for normal AL group (P ¼ 0.032). Strehl ratio improved markedly in HM patients as pupils were dilated. Figure 5 indicated that statistically significant differences were found at spatial frequencies of 15, 30, 45, and 60 cycles/degree for DMTFs between the two groups (P ¼ 0.002, 0.002, 0.004, and 0.010, respectively, all P40.05 at other spatial frequencies).
Discussion
The KR-1W is a new system that combines both wavefront sensor and topographer along the same axis. Compared with other diagnostic equipments that measure internal aberrations with special software, the special design of KR-1W could avoid the potential error Figure 1 Ocular and internal aberrations of eye at premydriasis 4-mm pupil size and post-mydriasis 6-mm pupil size. Statistically significant differences were found for all the ocular and internal HOAs between pre-mydriasis 4-mm pupil size and post-mydriasis 6-mm pupil size. All the HOAs are calculated in root mean square values. *Po0.001 when compared between 4-mm pre-mydriasis pupil size and 6-mm post-mydriasis pupil size.
Figure 2
Comparisons of (a) ocular and (b) internal HOAs between normal axial length group and HM group both at premydriasis 4-mm and post-mydriasis 6-mm pupil sizes. There were no statistically significant differences between the two groups in the ocular HOAs and majority of the internal HOAs, whereas significantly lower values of internal coma aberrations were found for the HM group both at 4-mm and 6-mm pupil sizes, as well as internal total HOAs and internal third-order aberrations at 6-mm pupil size. *Po0.05.
arising from axis misalignment. Research 16 has proved good repeatability of KR-1W measurements for most of the HOAs. In the current study, with KR-1W analyzer, we measured the internal HOAs in pseudophakic highmyopic eyes with posterior staphyloma under different pupil sizes and found that posterior staphyloma might be the structure that offset the increased internal HOAs induced by mydriasis. On the basis of previous researches, 3, 17, 18 HM is of high prevalence in Asia, especially in China, and it affects people's visual function by large population both among children and adults. Relationship between HOAs and myopia is still under investigation. The result of Buehren 7 study found increased aberrations in myopic groups, a positive correlation between spherical equivalent refractive error and aberrations were further identified; 8, 11 some reported no relation between these two indices, 19 other showed increased aberrations in hyperopic eyes compared with myopic eyes, especially for coma and SA. 14 In pseudophakic eyes, we found that there were no statistically significant differences in the ocular total HOAs between the normal AL and HM groups either for the 4-mm or the 6-mm pupil sizes.
It is also noteworthy that HOAs involved in most of the studies were only about ocular and corneal ones, and internal HOAs were scarcely mentioned. HM eyes possess unique intraocular structures such as posterior staphyloma and so on, which will not change after cataract surgery, and would be potential contributors for their internal HOAs. Therefore, internal HOAs would be of great concern in HM eye study. We compared ocular and internal aberrations between pseudophakic normal AL group and HM group before and after mydriasis and found that internal coma aberration values of HM group were significantly lower than those of normal AL group both at 4-mm and 6-mm pupil sizes. Meanwhile, internal third-order aberrations and total HOAs at 6-mm pupil size were also lower in HM group, possibly due to its lower internal coma aberrations.
Internal aberration arises mainly from the intraocular structures. In this research, internal aberrations in the pseudophakic eyes were mainly induced by IOL and Figure 3 Comparisons of (a) Docular HOAs and (b) Dinternal HOAs between normal axial length and HM groups. Statistically significant differences were found for Docular coma, Dinternal total HOAs, Dinternal third-order aberrations, and Dinternal coma between the two groups. *Po0.05. Figure 4 Comparison of DStrehl ratio between normal axial length (AL) and HM groups. After mydriasis, statistically significant increased Strehl ratio was found for HM group compared with that for normal AL group. *Po0.05. DStrehl ratio ¼ post-mydriasis Strehl ratio À pre-mydriasis Strehl ratio. Figure 5 Comparison of DMTF between normal axial length and HM groups. For spatial frequencies of 15, 30, 45, and 60 cycles/degree, statistically significant differences were found between groups. *Po0.05. DMTF ¼ post-mydriasis MTF À premydriasis MTF.
Higher 12, 20 demonstrated that increased coma aberrations could be induced if tilt or decentration happens. The IOL position involved in our study was observed by Pentacam Scheimpflug System (Oculus) and no remarkable tilt or decentration was found in either normal AL or HM groups. Therefore, in HM eyes, there might be other intraocular factors rather than IOL that counteract the effect of coma aberrations. Posterior staphyloma is a local protrusion of sclera in posterior pole of the eye, which is considered a distinguishing lesion in high-myopic eyes. The relative location of its ectasia area to the macula and optic nerve varies, according to which posterior staphylomas were classified. 21 As coma aberrations derive from tilt or decentration of incident wavefront with respect to the optical surface, posterior staphyloma, throughout typical intraocular structures of high-myopic eye, would be of most probability correlated with coma aberration changes, affecting the wavefront that deviated on the misaligned optical surface. Therefore, we assumed that it would be the posterior staphyloma that caused the lower coma aberrations in high-myopic eyes compared with normal AL eyes.
As indicated in previous studies, [10] [11] [12] 22, 23 increased pupil size was also found to increase the ocular aberrations. A similar phenomenon was observed in this study: all the ocular and internal HOAs were increased due to mydriasis, except internal SA, which might be neutralized by the implanted aspherical IOLs with negative SA, whose effects were much highlighted when pupil was dilated. To further identify if there are any differences in response to mydriasis between the normal AL and HM patients, we compared the variation of HOAs from 4-mm to 6-mm pupil size (defined as DHOAs in Materials and methods) between the two groups. The increasing amplifications were of no differences between the two groups for most of the HOAs, except for Dinternal coma, Dinternal third-order aberrations, and Dinternal total HOAs, as well as Docular coma aberrations (see Figure 3) . The increase in coma aberrations in HM group was less significant than that in normal AL group. As discussed above, we assumed that it was the posterior staphyloma that lowered the coma variation (Dcoma) induced by mydriasis in high-myopic eyes compared with normal eyes.
Variations in HOAs induce corresponding visual function changes. As an index of optical quality, Strehl ratio is closely associated with aberrations. 24 DStrehl ratio shows statistically significant difference between normal AL and HM groups in Figure 4 . Negative DStrehl ratio in normal AL group suggested decreased optical quality after mydriasis, which was in accordance with previous studies, 7, 24 whereas in HM group, positive DStrehl ratio was found, implying an improvement of optical function after mydriasis. As to the function of pupil size on MTFs, Lian et al 25 reported decreased MTF value for each measured spatial frequency with increasing pupil for emmetropic eyes, as well as for pseudophakic eyes after cataract surgery, 26 which was similar to the trends observed in the normal AL group in the current study. However, in the HM group, all the DMTFs showed positive values, which might indicate a better visual function when pupil was dilated.
What needs to be mentioned was methods to evaluate PSF and MTF include double-pass technique, which is based on recording of the retinal image after double pass through the ocular media and retinal reflection, as well as to calculate and deduce from the wavefront results instead of direct measuring. The KR-1W applies the latter method, because all the eyes underwent no previous refractive surgery, values from both technologies would be similar.
As for normal AL eyes, the enlarged pupil size had a negative effect on optical function, whereas for highmyopic pseudophakic eyes, we discovered that a larger pupil brought about better visual function, it may lead to the following deduction that pupil size in high-myopic eyes might be larger than that in normal AL eyes to acquire better visual functions. This phenomenon was also observed in some previous studies, which discovered larger pupil diameter for myopia under photopia, 27 mesopic, 28, 29 or scotopic 28 conditions. They considered this phenomenon as the effect of accommodation. Because less accommodation was required in myopic eyes than in hyperopic or emmetropic eyes, less pupillary constriction will be induced by the synkinesis between accommodation and pupil. In addition to their explanation, based on our findings in Figures 3, 4 and 5, we suspect that the better visual function caused by larger pupil in HM patients might also correlate with posterior staphyloma. However, further studies with larger sample sizes are still needed to make this hypothesis convincing, and aberrometers with different mechanisms might be applied. Meanwhile, evaluation of the posterior staphyloma morphology using optical coherence tomography might further demonstrate the role of this structure.
Conclusions
Using KR-1W, our study successfully measured internal aberrations in high-myopic pseudophakic eyes with posterior staphyloma. This special structure might have the effect of compensating the internal coma aberrations in HM patients, as well as the increased internal coma aberrations induced by mydriasis, which may consequently bring better visual qualities for highmyopic eyes under larger pupil size. Further studies are still needed to verify such effect.
Summary
What was known before K When measuring HOAs, most previous researches focused on the ocular and corneal aberrations, and internal aberrations are still a novel field to discover.
K
Possessing special intraocular structures, high-myopic eyes might have some corresponding HOAs' changes, whereas most of the previous studies were about high-myopic phakic eyes; HOAs for high-myopic pseudophakic eyes had seldom been studied. What this study adds K As a newly developed instrument, KR-1W achieves to measure internal aberration in a more accurate way.
Using this instrument, our study achieved to measure internal aberrations for high-myopic pseudophakic eyes, which for the first time disclosed the potential effect of special internal structures on HOAs for HM patients.
Based on the HOAs' data, it was identified that posterior staphyloma had compensative effect on internal coma aberrations, and this effect became more obvious when pupil enlarged, and brings about better visual quality.
An interesting speculation would also for the first time be raised that high-myopic eyes would gradually develop into larger pupil size as a physiological compensation.
